Abstract -Doubly Fed Induction Machines (DFIM) have many industrial applications and are also used as Wind Power generators. The brushes, necessary to supply energy to the rotor, are the main drawback of these machines. Therefore there are interest on Brushless Doubly Fed Induction Machines (BDFIM). The Doubly Fed Cascaded Induction Machine (DFCIM) can be used as a starting point in the study of the BDFIM. Moreover, the DFCIM can also find itself useful applications due to its simpler construction, compared to BDFIM. The present paper will expose the theory of steady state operation of the DFCIM. Operating points, power flow, simulations and experimental results will be presented.
SCIM have been overcome. Moreover, the availability of cheap electronic processors and the establishment of vector control methods gave to the SCIM's the premium dynamic performance of DC drives [1] .
For reduced speed control range, the Wound Rotor Induction Machine (WRIM) finds an application niche by supplying the rotor windings with an electronic converter of lower rating. The smaller the speed range, the cheaper the electronic converter. The WRIM is then called Doubly Fed Induction Machine (DFIM). The performance improvement in comparison with the traditional WRIM's, that have passive circuits connected to the rotor windings, justifies the new acronym [2] .
However, the brushes, necessarily present in DFIM, still represent a source of mechanical and electrical failures. Since the beginning of the 20th century, many studies have been carried out in order to develop a machine that could surpass this disadvantage. These studies lead to the development of the brushless doubly fed induction machine, or BDFIM. The first attempts of creating such machine can be traced down to the machines proposed by Siemens and Lydall [3] and Hunt [4] , where wound rotor machines were used. But in 1970, Broadway and Burbridge proposed a new squirrel cage rotor for the BDFIM, the nested loop rotor [5] . Due to the special stator and rotor construction of BDFIM's, these machines raise the academic interest but few are the industrial applications.
The connection of two WRIM, both mechanically and electrically, can have a higher commercial appeal since WRIM's are of standard manufacturing. This configuration is called Doubly Fed Cascaded Induction Machine (DFCIM) and is depicted in Figure 1 . Furthermore, once the shafts are mechanically coupled, the rotation speed is the same, eliminating the need of brushes (BDFCIM -Brushless Doubly Fed Cascaded Induction Machine) [6] . The main use of this machine seems to be as generator in wind power plants [7] [8] [9] .
The present paper aims the establishment of the static characteristics of DFCIM as a contribution to the dissemination of this machine. 
II. OPERATING POINTS
To start the reasoning, the three known operating modes of induction machines (motor, generator and plugging) are illustrated in Figure 2 [10] [11] . As the DFCIM consists of two interconnected wound rotor induction machines, a total of nine (3 x 3) operating points can be expected.
As plugging exists with the inversion of the supply phase sequence, this condition do not need to be considered for the machine directly connected to the grid. Therefore, from the nine mentioned operating points, just six (3 x 2) need to be taken into account and are indicated in Figure 3 as A ij , with i = 1, 2, 3 and j = 1, 2. Observing the rotating magnetic flux directions (indicated by rounded arrows in the figures) of stator and rotor and for the sake of symmetry and completeness, a fourth row must be added to complete all possibilities, as shown in Figure 3 . Interestingly, the value of w 2r in the fourth line is the exact opposite of the value of the third line and so, in fact, nothing new is added with this new line. The stable operating points can be determined based on the conditions that must be fulfilled to interconnect the rotor windings in steady state, which are [12] [13]:
• Equal phase sequence;
• Equal rotor angular electrical frequencies (ω 1r = ω 2r );
• Equal mechanical rotor speed (ω r ). The synchronous speeds of the machines presented in Figure 1 are:
For the same mechanical rotational speed (ω r ), the angular frequencies of currents and voltages on the two rotor windings are:
The direction of rotation of the established magnetic flux depends on the phase sequence and this is indicated by the rounded arrows in Figure 2 and Figure 3 .
Considering the two wound rotor machines constructed on the same principles, just differing on the power rating and pole number, the two machines, when operating as motor or generator, must be supplied with inverted phase sequences to allow the connection suggested in Figure 1 (i.e., one machine in front of the other) [14] . When one of the machines is in the plugging operating mode, the phase sequences are the same. This fact can be observed in Figure 3 by the arrows indicating the stator flux rotation.
The induced rotor voltages have the same phase sequence of the stator when the machine is in motor or plugging mode, but presents an inverted phase sequence when in generator mode. This can be seen in both Figure 2 and Figure 3 by the arrows indicating the rotor flux rotation [15] .
Always, when the rotors have inverted phase sequences, a transposition of the rotor connections is necessary, as indicated in Figure 3 . The operating conditions will be exemplified with the case of the element A 11 of the 4 x 2 matrix in Figure 3 . Imposing ω 1r = ω 2r , it follows:
Then:
Similar reasoning can be easily established for all operating points, completing the matrix. Considering f 1 the main supply frequency and f 2 the control frequency, the third and fourth column of this table has no practical interest since it makes no sense to change the phase sequence of the main supply. The columns can be divided into two connection sets:
-The rotor connections are not transposed and when f 2 = 0, the rotor speed is given by ω r = 2πf 1 /(p + q).
-The rotor connections are transposed and when f 2 = 0, the rotor speed is given by ω r = 2πf 1 /(p − q).
A comparison with the synchronous speed of the main machine (2πf 1 /p), highlighting the control possibilities of the rotor speed (ω r ) as function of the frequency f 2 and the supply phase sequence, is summarized in Figure 4 .
It is interesting to point out that in all operating points, independently of the speed, the DFCIM can act as motor or generator, exactly as a synchronous machine does, in spite of the fact that the basic ingredients of the DFCIM are induction machines. The conditions of Motor, Generator or Plugging, used to establish the Figure 3 , are now left behind and play no significant role. The relative speeds of stator flux, rotor flux and rotor mechanical shaft are the deterministic factors. 
III. STEADY STATE EQUIVALENT CIRCUIT
In order to be able to analyze the DFCIM the following hypothesis will be assumed:
• Ideal distribution of stator and rotor windings, i.e., space harmonics are neglected; • Iron losses and saturation are neglected;
• Only the synchronous mode of operation will be considered.
With the assumptions made above, the DFCIM can be represented by the equivalent circuit in Figure 5 , where s is the slip of machine, ω s is the angular frequency of the rotor induced currents in both machines, a is the effective turn ratio between stator and rotor, R is the resistance, L l is the leakage inductance and M is the mutual inductance. Sub- [16] [17] .
From the circuit in Figure 5 , according to Kirchhoff's laws, the following equations can be written:
Solving (5)- (7) for the rotor winding currents and substituting back in (5) and (6) leads to:
Where: An equivalent circuit may be proposed based in (8) and (9) as shows Figure 6 . Isolating both stator currents leads to:
As machine 1 is connected to the power grid, the voltage phasor V 1 will be the angular reference and therefore will be made purely real. In the meantime the voltage phasor V 2 will be supposed to have a phase angle θ v . This way V 1 = V 1 , and V 2 = V 2 e jθ . Even though both voltages have different frequency, when referred to rotor side, they have the same frequency and thus the phase angle can have a meaning.
The input power in both machines could be calculated by:
The total mechanical torque in DFCIM's shaft produced by both machines is calculated from (14) , where, p and q are the pole-pair number of machines 1 and 2, respectively; ω 1 is the supply voltage angular frequency of machine 1 (ω 1 = 2πf 1 ) and P g is the power transferred across the air gap from stator to rotor. The negative sign comes from the fact that machines are mechanically coupled facing each other. In this case, with the hypothesis made before, Pg will be equal to the input power less stator ohmic losses. This paper will use the load convention, i.e., positive values of power means that powers go into the machine.
IV. POWER FLOW IN DFCIM
In order to bring out the essential points of power flow in the DFCIM the steady state performance of an idealized machine will be analyzed [18] [19] , where in addition to the assumptions made in Section III, the following assumptions are made:
• The machine is loss-free, the stator and rotor resistances are neglected; • Stator and rotor windings of each machine with the same number of turns (i.e. a=1); • The rotors electrical connections are not transposed;
A similar analysis has been presented by Smith [12] but was limited to the connection of two similar machines.
With the simplifications assumed above, the DFCIM can be represented by the equivalent circuit in Figure 7 . As both machines are generally supplied at different frequencies, the phase difference between these voltages can only have any meaning recalling that the DFCIM is operating in a synchronous mode with the two stator inducing rotor currents of same frequency. As such the concept of load angle applies as in all synchronous machines as discussed by Smith [12] [20] and Williamson [14] . From Figure 7 , a system of equations that balance the voltage drops can be written as: (15)- (17) for the stator winding currents:
Where:
Being the input power defined by (13) and considering (18) and (19) , it follows:
Remembering that the synchronous operation of the cascaded connection requires that s 1 ω 1 = s 2 ω 2 , (21) and (22) may be expressed on a per-unit frequency basis as:
Calling "natural synchronous speed" ω n the speed that the DFCIM would run when machine 2 is fed with DC current, ω n = ω 1 /(p + q), the following conclusions may be drawn regarding the balance between the input power in both machines:
-the division of power between the machines is related to the frequency at which they are excited; although the relationship presented in (23) will be modified in a real machine, due to the losses, the general concept that the machine that is supplied at higher frequency carries more power still holds; -power flows in opposite directions in each machine when operating below ω n and in the same directions when operation above ω n , no matter if the connection is operating as a motor or a generator; this is further illustrated in Figure 8 . The same considerations are valid for the transposed case, just observing that the "natural synchronous speed" changes to ω n = ω 1 /(p − q). 
V. EXPERIMENTAL WORKBENCH
An experimental workbench, illustrated in Figure 9 , has been set up to validate the theoretical results previously presented.
The parameters of both machines are given in TABLE I. The DFCIM is coupled to a separately excited DC machine through a belt, as seen in Figure 9 . It will act either as a turbine or as a load. Its behavior will be done by controlling its field excitation voltage. The procedure to start the DFCIM and synchronize the two rotor rotating fields was:
1. Adjust the speed of the DC machine to reach the expected value of steady state, according to Figure 3 ; 2. Gradually raise stator voltages until the desired voltage is reached;
To measure the torque produced, a digital sensor was coupled to the DC machine's frame. Power flow and currents in machines' stator were measured with a Hall Effect pincer wattmeter. Instruments used in these tests are shown in Figure  10 .
By using the parameters of TABLE I it is possible to predict the power flow and stator current values. In this test both machines will be supplied at 60 Hz. Figure 11 , Figure  12 and Figure 13 show both these magnitudes and the total torque as a function of θ. The experimental test consists of applying different values of torque, through the DC machine, and measure the power and currents in each machine in order to compare with the previous curves. Figure 14 show these results. In order to compare measured with theoretical results, these last ones have to be expressed as function of torque instead of phase angle. So, calculated power and currents are expressed as function of torque for values between 190 o and 320 o . Figure 15 show measured values compared with theoretical results. It is possible to see that they have approximate values.
VI. CONCLUSIONS
This paper presented the theory of the doubly fed cascaded induction machine (DFCIM). The fundamental concepts to understand its operation in steady state were shown, and, based on these considerations, the possible points of operation were deduced. Also a steady-state analysis of an idealized DFCIM was performed, describing the equations and power flow of the set. To validate this theory, simulations in 
